UNITED STATES
JEPARTMENT OF THE INTERIOR
U.S.GEOLOGICAL SURVEY

.GEOLOGICAL GEOCHEMICAL AND GEOTECHNICAL OBSERVATIONS ON TH‘
BERING SHELF, ALASKA

by

Matthew C. Larsen, C. Hans Nelson and Devin R. Thor

OPEN-FILE REPORT

80-979

This report is preliminary and has not
been reviewed for conformity with U. S.
Geological Survey editorial standards

and stratigraphic nomenclature. Any use
of trade names is for descriptive purposes
only and does not imply endorsement by the
USGS.



Table of Contents

Sedimentary processes and potential hazards on the sea floor of Northern

Bering Sea
by: M.C. Larsen, C.H. Nelson, and D.R. Thor

Interplay of physical and biological sedimentary structures of the Bering
epicontinental shelf
by: C. H. Nelson, R.W. Rowland, S.W. Stoker, B.R. Larsen

Ripples and sand waves in Norton Basin; bedform activity, and scour potential
by: C. H. Nelson, M.E. Field, D.A. Cacchione, D. E. Drake, and T. H. Nilsen

Graded storm sand layers offshore from the Yukon delta, Alaska
by: C. H. Nelson

Ice gouging on the subarctic Bering shelf
by: D. R. Thor and C. H. Nelson

Liquefaction potential of the Yukon prodelta, Bering Sea
by: E. C. Clukey, D.A. Cacchione, C.H. Nelson

Surface and subsurface faulting in Norton Sound and Chirikov Basin, Alaska
by: J. L. Johnson and M. L. Holmes

Hydrocarbon gases in near-surface sediment of northern Bering Sea (Norton
Sound and Chirikov Basin)
by: K. A. Kvenvolden, G. D. Redden, D. R. Thor, and C. H. Nelson

Introduction to papers from Holocene Marine Sedimentation in the North Sea Basin
by: C. H. Nelson

Late Pleistocene-Holocene transgressive sedimentation in deltaic and non-deltaic

areas of the Bering epicontinental shelf
by: C. H. Nelson

Microfaunal analysis of late Quaternary deposits of the northern Bering Sea
by: K. McDougall

Sedimentary structures on a delta-influenced shallow shelf, Norton Sound, Alaska
by: J. D. Howard, C. H. Nelson

Linear sand bodies in the Bering Sea epicontinental shelf
by: C.H. Nelson, W. R. Dupré, M.E. Field, and J. D. Howard

Depositional and erosional features of the inner shelf, northeastern Bering Sea
by: R. Hunter, D. R. Thor, and M. L. Swisher

Velocity and bottom-stress measurements in the bottom boundary layer, outer
Norton Sound, Alaska
by: D. A. Cacchione, D. E. Drake, P. Wiberg.

Geotechnical characteristics of bottom sediments in the northern Bering Sea
by: H. W. Olsen, E. C. Clukey, and C. E. Nelson

Distribution of gas-charged sediment in Norton Basin, northern Bering Sea
by: M. L. Holmes and D. R. Thor

Appendix



GEOLOGICAL, GEOCHEMICAL, AND GEOTECHNICAL OBSERVATIONS
ON THE BERING SHELF, ALASKA

M.C. Larsen, C.H. Nelson, and D.R. Thor

Multidisciplinary studies of Bering Sea shelf, Alaska, have been
conducted by the U. S. Geological Survey in recent years. Our goal, as
participants in this work, has been to assess the geochemical and geotechnical
characteristics in northern Bering Sea and Norton Sound and the potential
hazards to petroleum development due to various ongoing geologic processes.
The studies have enabled us to examine a number of topical problems that are
discussed in the 15 papers included in this report.

Many of the papers in this report will be published in The Eastern Bering

Sea Shelf: Its Oceanography and Resources (edited by D.W. Hood) or Holocene

Marine Sedimentation in the North Sea Basin (edited Ly S.D. Nio). This cpen-

file report, however, was published because of the constant demand expressed
by private companies and state and federal agencies for current information
concerning ocur studies in the northern Bering Sea.
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Sedimentary Processes and Potential Geologic Hazards

on the Sea Floor of Northern Bering Sea

Matthew C. Larsen, C. Hans Nelson, and Devin R. Thor
U.S. Geological Survey, 345 Middlefield Road
Menlo Park, California 94025
ABSTRACT

A dynamic environment of strong bottom currents, storm waves, and gas-
charged sediment on the shallow sea floor of northern Bering Sea creates
several potential geologic hazards for resource exploration. Thermogenic gas
seeps, sea-floor gas cratering, sediment liquefaction, ice gouging, scour-
depression formation, coastal and offshore storm surge and associated
deposition of storm-sand, and movement of large-scale bedforms all are active
sedimentary processes in this epicontinental shelf region.

Interaction between the processes of liquefaction and the formation of
shallow gas pockets and craters, scour depressions, storm-sand deposits, and
slumps results in sediment instability. Liquefaction of the upper 1-3 m of
sediment may be caused by cyclic storm-wave loading of the Holocene coarse-
grained silt and very fine-grained sand covering Norton Sound. The widespread
occurrence of gas-charged sediment with small surficial craters (3-8 m in
diameter and less than 1 m deep) in central Norton Sound indicates that the
sea-floor sediment is periodically disrupted by escape of biogenic gas fram
the underlying peaty mud. During major storms, liquefaction may not only help
trigger crater formation but also magnify erosional and depositional processes
that create large-scale scour areas and prograde storm sand sheets in the

Yukon prodelta area.



Erosional and depositional processes are most intense in the shallower
parts of northern Bering Sea and along the coastline during storm surge
flooding. Ice gouges are numerous and ubiquitous in the area of the Yukon
prodelta, where the sediment is gouged to depths of 1 m. Though much less
cammon than in the prodelta, ice gouges are present throughout the rest of
northern Bering Sea where water depths are less than 20 m and at times where
water is as much as 30 m deep. In the Yukon prodelta area and in central
Norton Sound, where currents are constricted by shoal areas and flow is made
turbulent by local topographic irregularities (such as ice gouges), storm
induced currents have scoured large (10- to 150-m diamter), shallow (less than
1 m deep) depressions. The many stormsand layers in Yukon prodelta mud show
that storm surge and waves have generated bottom-transport currents that
deposit layers of sand as thick as 20 cm as far as 100 km from land. Storm
surge runoff may reinforce the strong geostrophic currents near Bering Strait,
causing intermittent movement of even the largest sand waves (10-200 m

wavelength, to 2 m height).



INTRODUCTION

Studies of potential geologic hazards on Norton Basin sea floor in
northern Bering Sea have been conducted by the U.S. Geological Survey (USGS)
in evaluating oil and gas lease tracts preparatory to Outer Continental Shelf
(OCS) leasing. The data base for this evaluation included 9000 km of high-
resolution geophysical tracklines (Nelson et al., 1978a; Thor and Nelson,
1978; Larsen et al., 1979) 1000 grab samples, 400 box cores and 60 vibracores;
in addition, hundreds of camera, hydrographic, and current meter stations have
been occupied during the past decade by USGS, National Oceanic and Atmospheric
Administration (NOAR), and University of Washington oceanographic vessels
(Figs. 1 and 2).

The northern Bering Sea is a broad, shallow epicontinental shelf region
covering approximately 200,000 xm? of subarctic sea floor between northern
Alaska and the U.S.S.R. The shelf can be divided into four general
morphologic areas: (1) the western part, an area of undulating, hummocky
relief formed by glacial gravel and transgressive-marine sand substrate
(Nelson and Hopkins, 1972); (2) the southeastern part, a relatively flat
featureless plain with fine-grained transgressive-marine sand substrate
{McManus, et al., 1977); (3) the northeastern part, a complex system of sand
ridges and shoals with fine~ to medium-grained transgressive sand substrate
(Nelson, et al., 1978b); and (4) the eastern part, a broad, flat marine
reentrant (Norton Sound) covered by Holocene silt and very fine sand (Nelson
and Creager, 1977). A detailed discussion of bathymetry and geomorphology of
northern Bering Sea is given by Hopkins and others (1976) (Fig. 3).

The northern Bering Sea is affected by a number of dynamic factors:
winter sea ice, sea level setup, storm waves and strong currents (geostrophic,

tidal, and storm). The sea is covered by pack ice for about half the year,



from November through May. A narrow zone of shorefast ice (sea ice attached
to the shore) develops around the margin of the sea during winter months.
Around the front of the Yukon River Delta, shorefast ice extends to 40 km
offghore (Thor et al., 1978). During the open-water season, the gea is
subject to occasional strong northerly winds, in the fall strong south-
southwesterly winds cause high waves and storm surges along the entire west
Alaskan coast (Fathauer, 1975). Throughout the year, there is a continual
northward flow of water is present with currents intensifying on the east side
of strait areas (Coachman et al., 1976). Although diurnal tidal ranges are
small (less than 0.5 m), strong tidal currents are found in shoreline areas
and within central Norton Sound (Fleming and Heggarty, 1966; Cacchione and
Drake, 1979a).

This paper reviews basic sedimentary processes of this epicontinental
shelf region and discusses certain potential geologic hazards related to these
processes: thermogenic gas seepage, biogenic gas saturation of sediment and
cratering, sediment liquefaction, ice gouging, current scouring, storm sand
deposition, and mobile bedform movement (Fig. 4). These geologic hazards may
pose problems for the future development of offshore resources in Norton
Basin.

SEDIMENTARY PROCESSES
YUKON DELTA PROCESSES

The Yukon River drains an area a little less than 900,000 kmz, providing
a water discharge of approximately 6000 m> per second and a sediment load of
70-90 million metric tons per year (Dupré and Thompson, 1979; Cacchione and
Drake, 1979a). The sediment load, almost 90 % of all sediment entering the
Bering Sea, is composed mainly of very fine sand and coarse silt with very

little clay.



The Yukon delta plain, like many deltas described, is fringed by
prograding tidal flats and distributary mouth bars. The delta front and
prodelta are offset from the prograding shoreline by a broad platform
(referred to as a subice platform) 30 km at its widest reach. This platform
appears to be related to the presence of shorefast ice that fringes the delta
for half the year. The term delta front describes the relatively steep margin
of the offshore delta environment characterized by rapid deposition of
sediment in water 2 to 10 m deep. The prodelta, an area of extremely gentle
slopes, marks the distal edge of the deltaic sediments extending as far as
100 km offshore.

Processes on the Yukon Delta and offshore operate under seasonal regimens
(Dupré and Thompson, 1979). The ice-daminated regimen begins with freeze-up
in late October or November. Shorefast ice extends 10 to 40 km offshore where
it is terminated by a series of pressure ridges and shear zones formed by the
interaction of shorefast ice with the highly mobile seasonal pack ice.

River breakup, typically in May, marks the beginning of the river
dominated regimen. Once the shorefast ice melts or drifts offshore,
sedimentation is daminated by normal deltaic processes under the influence of
the high discharge of the Yukon River.

Increasingly frequent southwest winds and waves associated with major
storms during late summer mark the beginning of the storm-dominated regimen.
High wave energy and decreasing sediment discharge from the Yukon cause
considerable coastal erosion and reworking of deltaic deposits.

COASTAL STORM SURGE

In November 1974, a severe storm moved from southwest to northeast across
the Bering Sea. Peak winds were 111 km per hour from the south, and nearshore
waves were reported to be 3 to 4 m in height (Fathauer; 1975). Coastal

flooding extended from Kotzebue Sound (north of Bering Strait) to just north



of the Aleutian Islands (Fathauer, 1975). The maximum sea level setup,
measured by the elevation of debris lines along the coast of Norton Sound,
ranged fram 3 to 5 m above mean sea level (Sallenger et al., 1978). During
this storm, extensive inland flooding occurred and erosion of 2 to 5 m high
coastal bluffs took place near Nome. Irregular landward erosion, as much as
18 m, occurred west of Name, where bluffs are 3 to 5 m high. East of Name,
where bluffs are 1.5 to 2 m high, landward erosion was as much as 45 m. Water
level in the Norton Sound area reached its peak on 12 November, when as much
as 2 m of water was standing in the village of Unalakleet and the static high-
water line at Name was 4 m above mean low low-water.

STORM CURRENTS

The transport of sediment in Norton Sound and Norton Basin can be
described in terms of distinct quiescent and storm regimes (Cacchione and
Drake, 197%a). The quiescent regime is characterized by generally low levels
of sediment transport caused mainly by tidal currents. Fine silt and clay
move as "wash load,” and bedload transport is negligible except in shallow
areas where surface waves became daminant. Current speeds in this regime are
no greater than 30 cm/sec.

Although calm-weather conditions prevail for about 90% of the year in the
northern Bering Sea, less than 50% of the sediment transport takes place under
these conditions (Cacchione and Drake, 1979a). Norton Sound is commonly
exposed to strong southerly and southwesterly winds generated by low-pressure
weather systems in September, October and November. A two-day storm in
September 1977 transported sediment equal to the transport that would occur
during four months of quiescent conditions. Current speeds were as much as 70

cm/sec during this storm.



Graded storm-sand layers, to 20 cm thick (Nelson, 1977), occur in sea-
floor strata of the northern Bering Sea, widespread evidence of major storm-
surge events. The effects of storm surge are intensified by two factors: 1)
extremely shallow water depth (less than 20 m), and 2) strong bottom return
currents that may move large amounts of sediment northward to the Chukchi
Sea. The thickness of Holocene sediment in Norton Sound, relative to Holocene
sediment input from the Yukon River indicates that significant amounts of
sediment have been resuspended and transported out of Norton Sound (Nelson and
Creager, 1977). About 10% of the Yukon River input into Norton Sound may be
carried as suspended sediment through the Bering Strait into the Chukchi Sea
under nonstorm conditions (Cacchione and Drake, 197%9a). As much as 40% of
Holocene sediment discharged from the Yukon River appears to be missing from
Norton Sound. This difference of 30% may be material that has been
resuspended and transported during storms (Cacchione and Drake 1979a).

Storm currents not only resuspend and transport massive amounts of
suspended sediment, but also appear to move large amounts of sand in bedload
transport for considerable distances offshore. Graded stormsand layers are
extensive throughout southern Norton Sound; their thickening toward the Yukon
subdelta, the apparent source region, suggests massive movement of bedload
sediment away from the delta toward the adjacent offshore region during storms

(Nelson, 1977).

WAVE EFFECTS

wWaves and wave-induced currents are the dominant sedimentological agents
on the inner shelf of northwestern Norton Sound and in the approaches to
Bering Strait (Hunter and Thor, 1979). Sedimentary features common to both
areas include sand and gravel patches and ribbons, wave ripples, sand waves,

and ice gouges (Hunter and Thor, 1979).
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Wave ripples with spacings to 2 m are cammon in both the Port Clarence
and Nane areas in zones where sediment is well sorted and grain size ranges
from coarse sand to pebbly gravel. Ripples in the Port Clarence area trend
northwest-southeast and can be explained as the result of storm waves fram the
southwest Bering Sea. Trends of ripples in the Nome area indicate daminant
wave activity fram south to southwest.

Ribbons of sand and gravel are well developed near the entrance to Port
Clarence. These bedforms may be produced by wave action or by wave=-induced
net water motion in the direction of wave propagation.

A rich assemblage of depositional and erosional features, both wave-
formed and current-formed, occupy the floor in shallow water close to the
southern shore of Seward Peninsula. Wave-formed features are more cammon;
some of the current-formed features imply considerable sediment transport by
strong bottom tidal currents.

Only the broad patterns of wave and current movement in southwestern
Norton Sound are known. The major wave trains originate in the southern
Bering Sea: waves move northward and refract clockwise around protruding
Yukon shoals. Smaller waves with shorter periods are generated by
northeasterly winds and move southwestward.

LIQUEFACTION

The Yukon River sediment that covers most of the bottam of Norton Sound
(McManus et al., 1977) is primarily silt with considerable amounts of very
fine sand in some areas and a generally minor content of clay-size material.
The sediment thickness is generally less than 3 m, except near the Yukon
Delta, where accunulations are as thick as 10 m (Olsen et al., 1979). The
material is generally dense; there are zones of relatively loose sediment

(material of low density) in gas-charged areas. In the delta areas sampled by



6-m vibracores, relatively loose zones of sediment were observed above and
between dense layers.

Fresh-water peaty mud beneath Yukon marine silt is somewhat over-
consolidated and contains substantial amounts of organic carbon and gas. The
presence of gas indicates that the pore pressures in the peaty muds may be
high. 1If it is, the strength of the material could be low despite its highly
consolidated state.

The daminantly coarse-silt to fine-sand-size texture of the material,
occurrence of loose sediment zones, and theoretical calculations utilizing
GEOPROBE cyclic wave loading data (Olsen et al., 1979; Clukey et al., 1980)
irndicate that Yukon prodelta sediment in southwestern Norton Sound is
susceptible to liquefaction. Potential liquefaction of the prodelta deposits
is attributable to cyclic loading resulting from exposure of the Yukon
prodelta to large storm waves from the southwest. Water depths are
sufficiently shallow that much of the wave generated surface energy is
imparted to the bottom sediment, possibly resulting in liquefaction of the
upper 1-2 m of sediment during extreme storm surge events (Clukey et al.,
1980). This liquefaction potential of prodelta sediment influences stormsand
transport, formation of sediment depressions, and gas cratering.

ICE SCOUR

Ice on the Bering shelf scours and gouges surficial sediment of the sea
floor (Fig. 5). The annual ice cover in this subarctic setting is generally
thin (less than 2 m); thick ice capable of gouging forms where pack ice
collides with and piles up against stationary shorefast ice developing
nunerous pressure ridges (Thor and Nelson, this volume). A wide well-
developed shear zone forms in southwest Norton Sound as ice moving southward
from the northeast Bering Sea and westward along southern Norton Sound

converges in the shallow water of the Yukon prodelta. Consequently, numerous
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zones of pressure ridges are formed. This region at 10- to 20-m water depth
has the maximum ice-gouge density. Gouges are found in water to 30 m deep,
and furrows are as much as 1 m deep. Ice-gouging affects the sea floor under
shorefast areas only minimally, or not at all (Thor and Nelson, 1980).
CURRENT SCOUR DEPRESSIONS

Zones of large flat-floored depressions in Norton Sound occur mainly in
two areas: west of the Yukon prodelta and 50 km southeast of Nome, on the
flank of a broad shallow trough (Fig. 6) (Larsen et al., 1879). These
features range fram individual more or less elliptical depressions 10 to 30 m
in diameter to large areas with irregular margins, 80 to 150 m in diameter.
The depressions are 60 to B0 cm deep (Larsen et al., 1980).

Bottam current speeds in depression areas are 20 to 30 cm per second
under nonstorm conditions and were measured at 70 cm per second during a
typical autumn storm (Cacchione and Drake, 1979a). Both zones of depressions
are on flanks of gently sloping shoals, where strong tidal or geostrophic
currents shear against the slopes. Small-scale ripple bedforms are associated
with depression areas and mean grain size ranges from 4 phi to 4.5 phi (0.063
mm to 0.044 mm). Depressions in the Yukon delta area are associated with
extensive ice gouging. The gouge furrows commonly expand into large shallow
depressions (Larsen et al., 1979 and Thor and Nelson, this volume).

Experiments in flumes containing fine sand and silt have shown that
currents flowing over an obstruction will scour material immediately
downcurrent fraom the abstruction (Young and Southard, 1978). The large scour
depressions observed in Norton Sound may be a characteristic erosional bedform
developed during storms when strong currents and high wave energy are focused
on silt-covered slopes where local topographic disruptions set off flow

separation and downcurrent scour.
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SANDWAVE DYNAMICS

Strong geostrophic currents prevail throughout much of the northern
Bering Sea, particularly where westward land projections interject into the
northward flow, as in the eastern Bering Strait area (Flemming and Heggarty,
1966; Coachman et al., 1976). 1In such regions large bedforms develop and
migrate, forming an unstable gea floor (Nelson et al., 1978b). These large
bedforms include large-scale sand waves 1 to 2 m high with wavelengths to
200 m, and small-scale sand waves 0.5-1 m high with wavelengths of 10 m. They
occupy the crests and same flanks of a series of linear sand ridges 2 to 5 km
wide and as much as 20 km long between Port Clarence and King Island.

Sand wave movement and bedload transport take place during calm weather
(Nelson et al., 1978b), but maximum change apparently occurs when severe
southwesterly storms generate sea level set-up in the eastern Bering Sea that
enhances northerly currents. In contrast, strong north winds from the Arctic
reduce the strength of the northerly currents and thereby arrest bedform
migration.

SEDIMENT GAS CHARGING

The distribution of acoustic anomalies suggests that almost 7000 km2 of
sea floor in Norton Sound and Chirikov Basin is underlain by sediment
containing gas sufficient (biogenic and/or thermogenic) to affect sound
transmission through these zones (Holmes, 1979a). Core-penetration rates
(Nelson et al., 1978c and Kvenvolden et al., 1979a) and sediment samples from
2- to 6-m vibracores confirm gas saturation of near-surface sediment at
several locations characterized by acoustic anomalies. The isotopic
compositions of methane at four of the sites range from -69 to -80°/co0

(613CPDB) (Kvenvolden et al., 1978, 1979b). This range of values clearly

indicates that the methane is formed by microbial processes, possibly
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operating on near-surface Pleistocene peat deposits that underlie Holocene
deposits throughout the northern Bering Sea.

At one site in Norton Sound, near-surface sediment is apparently charged
with co, actively seeping fram the sea floor accompanied by less than one
percent hydrocarbon gases (Kvenvolden et al., 1979a). Methane in this gas
mixture has an isotopic composition of -36%00, a value suggesting that it is
derived mainly from thermal processes, probably operating at depth in Norton
Basin (Kvenvolden et al., 1979a). Geophysical evidence indicates that the
hydrocarbon gases migrate into the near-surface sediments along a fault zone
(Nelson et al., 1978c). Subbottom reflector terminations on continuous
seismic profiles near the fault zone outline a large zone of anomalous
acoustic responses about 9.km in diameter and at a 100-m depth caused by a
thick subsurface accumulation of gas. Gas geochemistry and extensive voids
due to gas expansion in vibracores suggest a high degree of gas saturation at
the seep site (Kvenvolden et al., 1979Db).

BIOGENIC GAS CRATERING

Small circular pits on the sea floor are found over a 20,000--km2 area of
central and eastern Norton Sound (Fig. 7). The craters in the northern Bering
Sea are young features, as shown by their presence within modern ice-gouge
grooves and by the fact that relict buried craters have not been observed in
seismic profiles (Nelson et al., 1979b). These craters range from 1 to 10 m
in diameter, averaging 2 m, and are probably less than 0.5 m deep. They are
associated with numerous acoustic anomalies observed on seismic profiles and
with subsurface Pleistocene peaty mud that commonly is saturated with biogenic
methane (Holmes 1979b; Kvenvolden, 1979c; Nelson et al., 1979). The extensive
reflector-termination anomalies and peat with a high gas content in east-
central Norton Sound suggest that gas-charged sediment may be the cause of

crater formation.
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Two basic mechanisms for gas venting can be proposed. The first is that
continuous local degassing may maintain craters as active gas vents on the sea
floor. The second and more likely mechanism is that gas is intermittently
vented, particularly during severe storms when near-surface sediment may
liquefy.

The occurrence of surface craters in overlying marine sediment and the
presence of high quantities of methane trapped beneath cohesive marine mud in
Norton Sound suggest that gas venting may be episodic in this lithologic
setting. Absence of craters in the noncohesive near-surface fine to medium
sand and gravel of Chirikov Basin indicates that gas probably diffuses
gradually through this more porous sediment that overlies the peaty mud
there. Further evidence for intermittent venting of gas is the broad, shallow
shape of the craters, unlike the deep, conical, actively bubbling vents of the
thermogenic seep. Lack of methane in bottom water also suggests that the
craters are not continually active vents.

POTENTIAL GEOLOGIC HAZARDS
THERMOGENIC GAS CAP

The extent of active gas seepage into the water column and gas saturation
in near-surface sediment above a thick sediment section with acoustic
anomalies suggests a possible hazard for future drilling activity in the
thermogenic gas seep area south of Nome. Artificial structures penetrating
the large gas accumulation at 100 m or intersecting associated faults that cut
the gas-charged sediment may provide direct avenues for uncontrolled gas
migration to the sea floor.

SHALLOW GAS POCKETS
Gas-charged sediment creates potentially unstable surficial-sediment

conditions in Norton Sound. Approximately 7,000 km2 of Norton Sound is
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underlain by acoustic anomalies with potential shallow gas pockets everywhere
except under the Yukon prodelta (Holmes, 197%a; Nelson et al., 1979a).
Pipelines built across areas of these potential gas pockets may be damaged by
stress induced fram the unequal bearing strength of gas-charged and normal
sediment, particulary if the near-surface sediment is undergoing liquefaction
caused by cyclic loading of storm waves. The gas saturation and lateral and
subsurface extent of any shallow gas pockets will have to be detailed in any
site investigations for platforms or pipelines.
GAS CRATERS

Gas craters cover a large area of north-central Norton Sound. During
nonstorm conditions, near-surface gas in this area may be trapped by a 1- to
2-m thick layer of impermeable Holocene mud. We postulate that the gas
escapes during periodic storms forming craters at the surface. The storm
processes initiate rapid changes in pore-water pressures because of sea-level
setup, seiches, erosional unloading of covering mud, and possible sediment
liquefaction from cyclic wave loading (Clukey et al., 1980). Gas venting and
sediment craters or depressions, which seem to form during peak storm periods,
may be a potential hazard to offshore facilities because of rapid lateral
changes in bearing strengths and sediment collapse that forms the craters.
Sediment collapse may also expose pipelines to ice gouging hazards. During
nonstorm conditions, the upper several meters of sediment at many locations
has reduced shear strength because of the near-surface gas saturation and
presence of peat layers. Siting of artificial structures will require
extensive local testing of the substrate to determine the extent and actiQity

of gas cratering at a given site.
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LIQUEFACTION

The assessment and prediction of sea-floor stability is affected by the
potential of a sedimentary deposit to liquefy under cyclic loading and behave
as a viscous fluid. The liquefaction potential of Norton Sound sediment is
great in central Norton Sound and in the vicinity of the western Yukon
prodelta (Clukey et al., 1980; Olsen et al., 1979). Possible causes of
liquefaction include upward migration of gas fram thermogenic and biogenic
sources, earthquakes, and ocean waves. Bottam features that may be caused in
part by liquefaction include scour depressions and abundant sediment cratering
where Yukon sediment is thin.

Loss of substrate support by sediment liquefaction is a problem that must
be faced in the construction of pipelines, drilling platforms, and other types
of structures resting on the sea floor. Full assessment of this problem
requires extensive studies of in situ pore pressure, gas saturation, and wave
cyclic loading during storms.

ICE SCOUR

The maximum intensity of ice-gouging occurs in central Norton Sound at
10- to 15-m depths in an area surrounding the Yukon Delta. The remaining area
of Norton Sound, where depths are less than 10 m or more than 20 m, has a low
density of gouying, or none at all. Special studies of nearshore areas off
Nome and Port Clarence were made when they became potential centers for
cammercial development and activity. Offshore Nome, the focal point for
logistics in the northern Bering Sea because it is an area of ice divergence,
only a few gouges were found in water more than 8 m deep (Thor and Nelson,
this volume). Several gouges were found at the northern end of Port Clarence
spit and inside the tidal inlet, but again none occurred in water less than

8 m deep.
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Ice gouging presents same design problems and potential hazards to
installations in or on the sea floor. Pipelines and cables should be buried
at a depth that allows for maximum ice gouging of 1 m, plus a safety factor
for canbined effects with current scour around the western Yukon prodelta
front or gas cratering in central Norton Sound.

CURRENT SCOUR DEPRESSIONS

The highest density of scour depressions in Norton Sound is in two areas:
(1) west and northwest of the Yukon delta and (2) southeast of Name
(Fig. 6). In areas of high density, artificial structures that disrupt
current flow may cause extensive erosion of Yukon-derived silt or very fine-
grained sand and create potentially hazardous undercutting of the
structures. Even buried structures such as pipelines may be subject to scour
because strong currents can greatly broaden and deepen naturally occurring ice
gouges, thus exposing the structures. The severity of scour depressions is
greatest where they occur with ice-gouging in the Yukon delta areas.
Replicate surveys have shown that scour depressions recur annually. Full
assessment of this geologic hazard requires long-term current monitoring in
specific localities of scour to predict current intensity and periodicity,
especially during severe storms, when measured current speeds have increased
more than 100% under moderate storm conditions (Cacchione and Drake, 1979b).
MOBILE BEDFORMS

Large migrating bedforms form an unstable sea floor in the area west of
Port Clarence. Actual rates of bedform movement are not known, but
development and decay of sand waves up to 2 m in height has been observed
during a one-year period. Pipelines could be subject to damaging stress if
free spans developed where the structure crossed such areas of migrating 2-m

high sand waves.
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Studies made to this time indicate that potential for the most extreme
scour exists in regions of sand ribbons and gravel plus shell pavement within
the strait. Sea floor relief changes most rapidly in the Port Clarence sand-
wave area, where the scour in sand-wave troughs may reach depths of 2 m.
Replicate surveys have shown that such scour may occur each year in some areas
of the Port Clarence sand wave field. Long-term monitoring of currents and
bedform movement is particularly important in determining actual rates of
change in this area, the only large natural harbor on the Alaskan coast north
of the Aleutians.

COASTAL AND OFFSHORE STORM SURGE HAZARDS

The northern Bering Sea has a known history of major storm surges
accampanied by widespread changes in sea-floor sedimentation (Cacchione and
Drake, 1979%9a; Fathauer, 1975; Nelson, 1977); these changes complicate
maintenance of sea-floor installations and mass transport of pollutants. The
November 1974 storm is the most intense measured in historic time; storms of
1913 and 1946 caused considerable damage (Fathauer, 1975). Severe storms,
such as the November 1974 storm, have caused extensive flooding along the
Norton Sound coast between Nome and Unalakleet and on the St. Lawrence Island
coast (Sallenger et al., 1978). At Nome, storm surge and waves overtopped a
sea wall, causing damage reported at nearly 15 million dollars (Fathauer,
1975). Storm surge periodicity and intensity will have to be carefully
studied in planning where and whether pipelines should come ashore in this
area.

Rapid sedimentation of thick storm sand layers (15-20 cm) is a problem in
the Yukon delta area. Pipelines, offshore facilities, and other structures
impeding the erosion, transport, and redeposition of sediment in southern

Norton Sound will require careful design. Accurate monitoring of the storm

17



surge process will require long-term deployment of an array of current meters
and tide gauges in the northern Bering Sea.
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Figure Captions

Sampling station locations for U.S. Geological Survey research in
northern Bering Sea between 1967 and 1978.

Cross-hatched area of Figure 1, showing closely spaced sampling
grid offshore Nome.

Geophysical trackline surveys for U.S. Geological Survey research
in northern Bering Sea 1967-1978.

Generalized bathymetry of northern Bering Sea in 10-m contour
intervals.

Potentially hazardous areas of northern Bering Sea (from Thor and
Nelson, 1979).

Distribution and density of ice gouging, direction of movement pack

ice, and limits of shorefast ice in northern Bering Sea (fram Thor
and Nelson, 1979).

Location of scour depressions, extensive scour and ripple zones,
and strong bottam currents in Norton SOund, showing area of storm
sand deposition (modified fram Larsen et al., 1980).

Distribution and density of craters on sea floor of Norton Sound,

showing isopachs of Holocene mud derived from the Yukon River and

deposited since Holocene postglacial sea-level rise (fram Thor and
Nelson, 1979).
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ABSTRACT

Distinctive Holocene transgressive sand and post-transgressive mud with
attendant physical and biological structures occur on the shallow (<60 m, shelf
of the northern Bering Sea. Thin gravel lag layers, formed during the Holcene
shoreline transgression, veneer exposed glacial moraines. Epifauna dominate
these relict gravel areas and cause little disruption of physical structures.
Some relict submerged beach ridges contain faint rippling that probably is caused
by modern current revorking. Vell-sorted medium sand on exposed shoal crests is
reworked by the sand dollar and tellinid clam coommunities. Buried thin layers ot
transgressive beach sand and gravel retain rare original medium-scale cross—
lamination and flat lamination that have been intensively bioturbated. A thin
layer of an offshore fine-grained sand facies that was deposited by the Holocene
transgression rewains unburied by modern .ud in central Chirikov Basin. Frimarily
because of ampeliscid amphipod bioturbation, this facies has no physical
structurese.

Post-transgressive silty mud from the Yukon River blankets the shallow
(<20 m) areas of Norton Sound. In places the silty mud cont.ins thin beds of
shells and pebbles, and thin sand interbeds and lenses that exhibit ripples and
small-scale flat and cross-lamination. These coarse-grained interbeds are inter-
preted to be storm layers formed by modern storm waves and storm surge currents.
Physical sedimentary structures are wecll preserved only near the delta fringe;
there, the frequency of physical reworking is highest, the potential for
preservation bya high rate of deposition is greatest, and the inhibition of
bioturbation by low salinity is most severe.. At greater
distances trom shore, infaunal deposit-feeding bivalves, polychaete worms, and
small amphipods cause progressively greater disruption of bedforms in prodelta
mud. Almost all modern physical structures have been destroyed at water depths
greater than 25 m. As a result the folloving scquence of storm deposits is
characteristic of profiles extending away from the delta: thick (>5 cm) storm
sand layers, thin storm sand layers, isolated and bioturbated sand lenses, faint
bioturbated shell and pebble beds.



INTRODUCTION
Purpose

The northern Bering Sea region from St. Lawrence Island to Bering Strait
Fig. 1) has continually strong bottom currents, an extremely rich benthic fauna,
nd a wide variety of sediment substrates. These factors, coupled with shallow
picontinental shelf depths that are affected by wave and tidal current activity,
roduce a wide variety of physical and biological sedimentary structures. Our
urpose is to map the distribution of these structures and to correlate the dis-
ribution patterns with the controlling physical and biological factors. Such
nalyses provide a model of factors controlling development of physical and bio-
ogical structures on continental shelves in general and assist in specific
aleoenvironmental reconstruction of ancient epicontinental shelf deposits.

Oceanograrhic Setting

Three water masses have been defined on the northern Bering shelf: Alaskan
ocastal Water, Bering Shelf Water, and Anadyr Water (Fig. 2, Coachman et al.,
976). Alsskan Coastal Water, generated primarily from the Yukon and Kuskokwim
ivers and other runoff (Fig. 2; Saur et al., 1954), has pronounced seasonal
alinity changes. This is particularly true in southern Norton Sound, where
reat changes in discharge from the Yukon River occur from summer to winter.
efore June, salinities are close to 30 0/00 throughout southern Norton Sound.
uring the summer and early fall salinities below 20 0/00 are common (Fig. 2;
oodman et al., 1941; Sharma et al., 1974).

Typically, current speeds in the offshore part (>30 km from shore) of the
laskan Coastal Water are 10 cm/s near the bottom and 20 cm/s near the surface,
nd currents trend northward except for the counterclockwise gyre into Norton
ound (Fig. 3). Nearshore surface and bottom water travels genecrally northward

vallel to the Alaskan coast at typical speeds of 30-40 cm/s (Coacliman and



Aagard, 1966; Fleming and Heggarty, 1966; llusby, 1969; 1971; McManus and Smyth,
1970; Coachman et al., 1976).

The maximum current speeds arce found where the Alaskan coast protrudes
westward and constricts water flow. At the smallest constriction, Bering Strait,
bottom speeds reach 180 cm/s in water depths of 55 m (Fleming and Heggarty, 1966;
Fig. ). Currents in the other two water masses are generally slower, reaching a
maximum of 50 cm/s in eastern Anadyr Strait and minimums of 5-15 cm/s in central
Chirikov Basin (Fleming and Heggarty, 1966; Husby, 1971; McManus and
others, 1977).

Changes in atmospheric pressure and wind velocity during storms can cause
the current speed to fluctuate by as much as 100 percent over periods of a day or
more (Coachman and Tripp, 1970) and can produce storm surges causing sea level
set up of 4 m along the southern coast of Seward Penin;;la (Fathauer, 1975).

Calculations based on linear wave theory suggest that the waves hindcasted
for normal wind conditions can affect the bottom to water depths of 20 m (McManus
et al., 1977). TWave reworking of bottom sediments may extend considerably deeper
during intense storms. For example, the storm of Novewber, 1974 generated waves
6-7 mw high and may have produced water motion capable of affecting the bottom at
depths exceeding any found in the northern Bering Sea (A. Sallenger, oral
commun., 1977).

Geologic Setting

The entire northern Bering Sea floor is less than 60 m deep and generally
flat, but. it has distinctive topographic features in several locations (Fig. 1;
Hopkins et al., 1976). The eastern margins of both Bering and Anadyr Straits ex-
hibit relatively steep scarps. Southeast of Bering Strait and in central Shpan-
berg Strait, a series of linear ridges and depressions are found. Large linear
shoals also occur off the northwestern and northeastern flanks of St. Lawrence
Island. The shallowest area in northern Bering Sea is off the modern Yukon sub-

delta in southern Norton Sound.



The northern Bering epicontinental shelf is a mosaic of modern and relict
surface sediments. The relict sediments formed in shallow water, at the strand,
or in subacrial environments at times when sea level was lower than at present
(Fig. 4). During these times continental glaciers pushed dcbris toward the center
of Chirikov Basin, and valley glaciers deposited sediment scveral kilometers
eyond the present shoreline of Seward Peninsula (Nelson and Hopkins, 1972).
Shorgline regressions and transgressions, most recently during the rise of sea
level since 18,000 BP, reworked the glacial moraines, leaving a lag gravel on the
sea floor north and west of St. Lawrence Island and along the southern side of
Seward Peninsula. Transgression of the shoreline across the Bering shelf blan-
ceted the remainder of the Chirikov Basin with a relatively coarse-grained basal
layer ranging from medium-grained sand to gravel with an overlying thin layer of
fine-sand. Except in central Chirikov Basin, the transgressive deposits are only
1 few tens of centimeters thick and overlie Pleistocene glacial debris, alluvium,
and freshwater mud and peat dated at 10,500 BP or older (Nelson and Hopkins,

1972; Nelson and Creager, 1977).

Holocene sandy silt, mainly originating from the Yukon River (called Yukon
nud hereafter in the paper), has been deposited in Norton Sound. This sediment
lorms deposits tens of centimeéters thick in parts of central Norton Sound and de-
»osits several meters thick off the present subdelta and around the margins of
lorton Sound (Nelson and Creager, 1977). Currents apparently lLave inhibited de-
sosition of Holocene Yukon sand and silt over the older relict transgressive sand
ind gravel found in Chirikov Basin (McManus et al., 1974).

Biological Setting
The continental shelf of the northern Bering Sea is an area of rich macro-
enthic standing stock (Neyman, 1961, Filatova aud Barsanova, 1964; Kuznetzov,
964; Rowland, 1972; Stoker, 1973), though it has a relatively low diversity in

‘erms of major species (Stoker, 1973). While major faunal communities are as yet
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incompletely defined, affinities of Specits for sedimcnt types have been defined

Tr

for shelled forms (Rowland, 1973) and work is 1n progress to delinecate overall

association patterns (Stoker, unpub.). The primary benthic ecosystem is based

mainly on a detrital food web (Kuznetzov, 1964), though other feeding tyﬁeé>ekist/A’

such as the sessile seston feeders of the Bering Strait.

A major problem in describing either trophic structure or distribution of
the Bering Sea benthos 1s the extreme patchiness of the populations (Stoker,
1973). The reasons for such patchiness are incompletely understocd but result
from a combination of variable habitats and biological interactions (Stoker,
1973, and unpub.). |

The major forms in the benthic macrofauna are bivalve moliusks, ophiuroid
and echinoid echinoderms, ampeliscid amphipods, and polychaete worms; other ‘
forms, such as tunicates, holothurians, sipunc-lids, and gastropods;“may'béw '
locally dominant (Neyman, 1961, Rowland, 1973; Stoker, 1973 and unpuﬁ:). Iefet;
ences on the bioturbating capabilities and substrate preference of some taxa can
be drawn from gencral accounts of functionai morphology (Stanley, 1970), distri-
butional studies in other areas (Ockelmann, 1958) and recent Alaskan studies
(Table 1).

Methods of Study
One hundred twenty box cores were obtained from the northern Bering Sea:*
shelf at water depths greater than 10 m (Fig. 5). The cores were sectioned to
1 cm slabs, photographed, and x-rayed; the texture, strétigféSH&? ZﬁdEEttﬁetJféé
were then desprlbed (Fig. 5). Identification of fauna was based primarily on-
specimens from the greater-than—Z—mm sediment fractlon of 25 kg‘Van Veen greeh
ip A

samples (Nelson énd Hopkins, 1972; Rowland, 1973 Stoker, 1973) fhotos of live

o f DY E

fauna observed in box cores at the time of collection also were available. Thesel

ATETNIa S f, B

dgta were compiled to cstimate distrlbution and abundance of types of structures

LR S

I A . @ k2

nd benthic fauna from the region.



PHYSICAL SEDIMENTARY STRUCTURES
External Form

Pebble Lag Layers consist predominantly of clasts from 4 to 64 mm in diameter

(Fig. 6A and B) with little matrix, although large boulders have been reportad by
divers in lag areas off Nome (G. E. Greene, oral commun., 1967). Generally, th
pebble lags occur at the sediment-water interface in layers 5 to 15 cm thick’
(Fig. 6A). However, a well-sorted "pea gravel" interpretllffﬁ be on an ancient
beach strandline at =30 m'in Anadyr Strait is more than 32 cm thick (Fig. 5B).
These surficial pebble lags generally overlie glacial till but locally cover bi
rock outcrops in topographically elevated regiouns (Helson'and Hopkins, 1972)
(Figs. 1, 4, 5, 7).

Shell Lag Layers in the subsurface, several centimeters thick, and.composed

entirely of shell debris, were encountered in transgressive sands at seveval
locations off north-central St. Lawrence Island (Fig. 6). They also were found
in well-sorted, medium-grained sands on shoal crests of Shpanberg Strait and
southeast Bering Strait (Fig. 6D). ?lam shells predominate in layers off St.
Lawrence Island, while sand dollar fragments make up layers of the shoal crests.
In the region southeast of Bering Strait, basal coarse-grained, pebbly sands com-
monly have a high content of shell fragments, but ‘not enovgh to be classed as
shell layers.

Lag Layers of Mixed Pebbles and Shells are .widespread fw the upper sub-

surface, particularly in the mud of the shallow northern and eastern parts of
Norton Sound (Figs. 5, 6G). However, a few such layers occur in subsurface basal
coarse sand and gravel at water depths of 40 m or greater in the strait areas
(Figs. 4, 5, 64, and 7). In both cases, shell and pcbble concentrations range
£rom disti-:t layers a few centimeters thick, composed entirely of pebbles and
shells (Fig. 6G), to diffusc zones 5-10 cm thick containing a matrix of sand and

silt (Fig. 6H).

A



Solitary Rafted Pcbbles are ubiquitous in all water depths, bathymetric

settings, and sediment types (Figs. 4, 7). They are most common in sediment sur-
rounding gravel deposits (Fig. 4), although solitary cobbles up to 20 cm in dia-
meter were encountered in Yukon mud far from gravel sources (Fig. 6J).

Storm Sand Layers are most common in silty muds of the shallow parts of

southern Norton Sound (Figs. 4, 5, 6E, F, G), but a few thin (<l c¢m) coarse~ and
medium-grained sand storm layers are found in fine sand on deeper scarps (>40 m)
southeast of Bering Strait (Figs. 4, 5, 6I, and 7). The sand layers in Norton
typically are 1-2 cm thick except close to shore where they are thicker

(Figs. 6E-G). In the shallowest sampling sites near the main distributaries of
the present Yukon subdelta, surface sand layers from 4 to 12 cm thick have been
detected in areas where mud was sampled in previous years.

In addition to the changes in distribution areally at the surface, the
abundance of sand layers varies with depth in the subsurface. For example, off
Stuart Island approximately 20 sand layers occur in the uppermost 12 cm of the
core, and none are found in the 12 cm of the core beneath (Fig. 6F). In a long
(132 cm) core of Yukon sediment from southeastern Norton Sound, four sand layers
were found from O to 15 ¢m, two from 15 to 60 cm, and two from 60 o 132 cm.

Internal Structures

Flat Lamination is the most common and widely distributed internal structure

in all sediment types, water depths, and topographic settings (Figs. 5, 7). It
is observed most often in sand layers of Norton Sound, where the lamination is
about 1 mm thick and is defined by minor variations in grain size (Fig. 6F and
G). Lamination is least common in gravels, where layers are about 1 cm thick
(Fig. 6B). The best cxamples of flat lamination are found in pre-Holegcne depo-
sits of limnetic mud (Fig. 8A). Although the whitencss of some lamfithl ghggests
volcanic ash or diatom varves, no glass shards or microfossils were found under

the microscope.



Crosg Lamination like flat lamination, is widely distributed and is best

developed in .the sand layers of Norton Sound. Characteristically the sets of
cross~laminae.are of small scale and are inclined at low angles (Figs. 4, 6F and
G). Crossbedding in gravel is rare, but vhen observed is larger in scale and
higher in dip angle than finer-grained sediment (Figs. 6B and 8A).

Ripples are very common at the tops of sand layers of Norton Sound and in
sand at the margin of Chirikov Basin (Figs. 5 and 7). The ripples are generally
asymmetric and small scale (6-8 cm wavelength, 5-1.5 cm wave height) and are
interpreted to be current ripples and corbined flow ripples commonly found in
sand or silt (Harms and others, 1975) Figs. 6F and G). Where sand layers are
thick, ripple forms appear to be nearly continuous (Figs. 6F and G), unless bio-
turbated, in which case the ripples are disrupted, producing sand lenses
(Fig. 6E).

Miscellaneous Structures

atural load and slumwp stiuclures ale observed in laminaled Tieistocene lake
deposits in.a large depression off St. Lawrence Island (Fig. 8F). Other load-
like features are present near the tops of some box cores, but they are suspected
to be coring artifacts (Fig. 6F). Extremely disturbed sediment in a box core
from the shallow area near the Yukon subdelta is the only apparent example of
structures, related to ice gouging (Fig. 8E). A paradox is that new studies show
ice gouging to be ubiquitous. at depths less than 20 m over tiie northern Bering
Sea floor (Thor et al., 1978), but it rarely produces noticeable effects in box
cores (Fig. 9). Large-scale bedforms such as sand waves have a wide distribution
where topography and bathymetry constrict bottom currents (Figs. 1, 3 and 9)
(Jordan, 1962; Grim and McManus, 1970). Characterization of these large bedforms

and ice gouge effects must await detailed investigation with sidescan sonar.
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BIOTURBATION
Ceneral
Once the primary physical structures ;ssociated‘;ith erésion:and deposition
have.develoPed,Vsecondary processes such as slumping, loading, a;d bioturbation
begin. in this gééerally flat epicontinental shelf region, biogénic stfuctures
usually predominate over other secondary structures in the upper.30 cm of the
sediment. | ‘

The size of the area and the patchiness of the benthos (Stoker, 1973) make
it impossible to map benthic faunal Aistributién iﬁ detail ofwto correlate all
types of structures with the‘organisms. Wﬂere single of ver& limited types of
bioturbation characterize certain broad areas of sea floor, complete biologib
sructures can be traced to spec1f1§ species. In dther areas some species, for
example, sand dollars are restricted to cértalnlhabltatsé(Table 1, Figs; 6I;8C, 9
and 10) and can be documented to disturb shallow sands (Fig. 13A), but no éis—
tinct structurés can beriééﬂtifiéd. ‘Commoﬁly 6nlyipart§’§f bufroﬁs are obsérved
in box cores,:and thé b;;gow may not be a581gnable to a s1nglé spec1es (Flgs. 13
and 14\'7t£ié is p;ftlcﬁlafly true for thcAn;merous speéleg'éf burrow1ng claus.
Fortunately, distribution for each”major group of bl&t;rbatlng organléms (sur;
face, shallow, intermediate, and deep can Be sugig;éduby analysis of screened
m-gafauna from grab samples (Rowland, 19;5; Stoker, 1973) (Figs. 10} 115.

Surface Disturbers
Several épeciesléf small organigms disturb‘}hehéediment gﬁrfaqe over large
areas of the Bering Sea floor (Fig. 10, 12). Brittlé stars are one of the domin-
ant organisms in eastern Bering Sea (Neyman, 1961), Egt they arc most‘cémmon in
muddy areas closer to land and least commonmin centfal Chirikov'Basiﬁ&(inAfig. 10

note the absence of brittle stars at the predominant sandy 30-40 m depth of off-

shore Chirikov Basin). Distinctive surface tracks of brittle stars can be

nrEe

identified on the top surface of box coreJ, but burrows (Hettweck 1972) are not
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evident even where massive populations cover the bottom (Fig. 12).
The carnivorous gastropods occasionally leave surface trails also but may
burrow to shallow depths after prey; they are widespread, being rare only in the

shallow region around the Yukon subdelta (see Tachyrhynchus Fig. 10). Crabs and

sea urchins typically are found on gravel substrates and both may excavate slight
depressions, however, they are fewer in number than the other surface disturbers
{Fig. 10). Crabs are common also in sandy areas except for central Chirikov
Basin.

In response to the benthic food resources, large populations of walrus,
bearded seal, and gray whale inhabit the northern Bering Sea on at least a
séasonal basis and are likely to be responsible for considerable reworking of the
shallow sediments over much of the northern Bering shelf. Gray whales are known
to disturb bottom sediment to a depth of several centimeters to feed mainly on
amphipods (Tomilin, 1957). The distribution of the laige awpliipod pupulaiious
{Fig. 11) and the pathways of whale migration (Nasu, 1974) suggest that gray
wihales may cause surface disturbance of the Chirikov Basin area. Walrus and
bearded seals also may disturb the sediment surface as they feed upon large bi-
walves and other infauna (Fay and Stoker, unpub. data).

Shallow Burrowers
The most widespread shallow burrowers (0-5 cm depth) are small, bright-

colored amphipods possibly of the genus Protonedeia, Melita, or Hippomedon

(Fig. 11). These taxa are most abundant off southeastern St. Lawrence Island and
in the western and northern areas of Norton Sound, where they inhabit patches of
Yukon-derived sediment. One or more of these species probably is the builder of
U-shaped burrows about 5 rm in diameter (Fig. 11C, and D). Completely preserved
burrows are distinctive, but fragments are not separable from burrows made by
polychacte worms such as Nephthys (Fig. 13D). In general, we believe most incom-—
rlete burrows were constructed by the more abundant amphipods (Figs. 10 and 11).

Several species of shallow burrowing gastropods (Table.1l) with no posi-
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tively identificd burrowing structures are present throughout northern Bering Sea
except off the Yukon delta (Figs. 10 and 13). Tubes of the polychacte Pec—
tenaria also are widespread (Fig. 10) (Stoker, 1973), and these organisms are
known to develop shallow burrows (Hertweck, 1972), but no identification can be

made in Bering Sea sediment . Numerous bivalves, such as Yoldia, Macoma, Nucu-

lana, Tellina, and Nucula (Rowland, 1973; Stoker, 1973) are undoubtedly responsi-

ble for widespread shallow disturbance (Figs. 20 and lA), but they also have pro-
duced no distinctive burrows.
Intermediate Burrowers

Intense bioturbation from the sediment surface to 10 cm depth can be defined
in central Chirikov Basin and southwest and southeast of St. Lawrence Island. Imn
these areas, abundant populations of large tube-building ampeliscid amphipods
live in fine--grained sand (Figs. 20, 22B, 14A and B; Table 1). 1In mcst other
areas, except central and southern Norton Sound, l-mm~diameter burrows of small
polychaete worms are common to abundant. These structures are particularly com-
mon in the silty mud on the northern and eastern margins of Norton Sound

(Figs. 11, 6G, 14C and D). Bivalves such as Serripes and Clinodardium are par-

ticularly abundant throughout northern Bering sea region, however, the preponder-
ance of amphipod aburrowing in Chirikov Basin and polychaete burrowing in Norton
Sound appears to obliterate most other physical and biological structures at
Intermediate depths.
Deep Burrowers

Bivalves such as Mya and Spisula are the most commem deep burrowing (0 to
>10 cm depth) organisms. Their widespread distributiom suggests that many deep
burrows are caused by pelecypod bioturbation (Figs. 20, 11 and 15; Table 1).
Only rarely (Fig. 8A) is it possible to corrclate the burrow type with ¢lam spe~
cies, since normally only portions of the burrows are evident.

Scveral species of polychaete worms, holothurians, and sipunculids also

burrow deeply into the sediments. Though deep-burrowing worm species occur

11
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throughout the area, they are most common in silty and very fine-grained sand in

deeper water (Figs. 10, 1] and 15A and B).
DISCUSSION

Factors Controlling Distribution of Physical Sedimentary Structures

T

Relict Structures in Relict Sediments

'

Thé physical sedimentary structures oftnorthern Bering Sea are either relict
from Quaternary conditions or developed by modern wave and bottom currents. ig
places, the Holo;ene shorelineAtransgression reworked Pleistocene moraines and
bedrock outcrops exposed on the sea floor. The fine—grgined debris was winnowed
out leaving behind surface lag gravel deposits (Fig. 6A) (Nelson and
Hopkigs, 1972)7 These deposits remain on the surface of current-winnowed topo-
graphic elevations where deposition of Holocene muds has bee prevented. In the
eastern partsuof Ahadyr and Bering Straits as well as along nearshore sogth—
western Seward Peninsula and St. Lawrence Island, the mineralogy and large grain
size of gravel lags‘pius 0ld radiocarbon da.es (15-40,000 BP; Nelson, unpub .
data) of underlying’sediment botﬁ indicate depositién'ﬁnder oléer, high*eﬁergy
conditions not present today (Nelson and Hopkins, 1972 McManus and others,
1974). The coarsér érai; size and different mineralogy of the Chirikov Basin
sand blanket comparedité tge silty-sized sediment of the main modern Yukon sédi—
ment source suggest that Chirikoy Basin sand also is relict.

Relict physical structures in relict sediments are best preserved in the
subsurface sedimené of strait areas with the deepest water, where present-day
wave effects are minimal, coarse gravel armors the boEtom surface, and strong,

currents prevent burial by modern deposits. Here box cores have penctrated into

older transgressive sediments, and even into Pleistocene freshwater deposits with
relict lamination (Fig. 8D). Coarse-grained relict sediment overlying Pleisto-
cene tills contains flat lamination and associated high-angle, medium-scale cross

bedding that evidently originated during the Holocene shoreline transgression

(Figs. 6B, A, 4, 7). Subsurface shell and pebble horizons in such relict sedi-

' .
i .
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ments are now in sufficiently dcep water and buried deeply enough to ensure iso-
lation from modern day storm wave and bottom current effects. These structures
apparently formed as storm lags during lower sea level stands (Figs. 6C, 6ll).

Modern Structures in Relict Sediments

The relict fine-grained sand of central Chirikov Basin is interpreted to
have been deposited as a nearshore belt of sand that migrated along with the
Holocene shoreline as it transgressed across the epicontinental shelf. The mo-
dern Yukon silt has notprograded over the transgressive sand, and it has, there-
fore, been exposed to intense bioturbation for thousands of years. Additionally,
the Chirikov Basin sand has been covered by 35-55 m of water since the sea
reached its present level several thousand years ago, and the development of
physical sedimentary structures by waves thus has veen limited. Bottom currents
in this central area generally are sluggish (Fig. 3; McManus et al., 1977) and in
most places probably are insufficient to develop structures. Even though waves
or bottom currents occasionally possess sufficient emergy to create structures in
this noncohesive sediment, the binding effect of the dense network of ampeliscid
amphipod tubes should inhibit formation of such structures (Fig. 14B;

Rhoads, 1970). Consequently, the sand is completely devoid of sed’mentary struc-—
tures except on a few shoal crests where the sediments are reworked by strong
bottom currents (Figs. 61, 8C).

Recent evidence from sidescan sonar, underwater television, and vibracores
verifies physical formation of sedimentary structures in certain shoal areas of
relict sediment in Chirikov Basin. In the shallower upper parts of sand ridges
with sand waves (Figs. 1, 4 and 9), the surface and near-surface coarse sand and
shell storm lags (Fig. 6D) along with faint ripple structures (Figs. 6I and 8CK)
appear to be necar-surface modifications of relict sand by modern storm waves and
bottom currents. On underwater television, storm waves have been observed to
winnow shell pavement and to superimpose small-scale oscillation ripples over the

larger sand-wave structures (Figs. 9A and B). Sidescan sonar records show large-
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scale asymmetric sand waves covering- ridge tops and trending northward in phase
with the present strong northward bottom currents in northeastern Chirikov Basin
(Fig. 3) (Fig. 9C, Nelson et al., 1977; MNelson, 1977); a thousand-year—-old radio-
carbon date (Teledyne Isotopes I-9773) on wood from 30 cm depth in a sand wave
field documents that modification of sediments by sand wave formation has taken
place recently during the present stand of high sea level.

Either wave or current effects could be responsible for individual faint
ripple structures observed in specific box cores from sand ridges. However, the
dominance and type of asymmetric sand wave and ripple fields in all sidescan re-
cords and bottom photographs from the region indicate that the majority of mo-
dern ripple structures in Chirikov Basin must derive from bottom current activity
(Fig. 9).

Modern Structures in Modern Sediments

Numerous radiocarbon dates substantiate that the blanket of mud with inter-
bedded sand in Norton Sound has a Holocene origin and contains contemporary sedi-
mentary structures (Nelson et al., 1975; Nelson and Creager, 1977). Development
and preservation of these physical structures varies widely both spatially and
stratigraphiczally over the contemporary surface in Norton Sound. Historical
change from complete bioturbation to complete preservation of physical structures
within the past several thousand years can be demonstrated in several locations
(Figs. 6F, G). 1In those locations closest to the Yukon delta, such dramatic
alteration in preservation of physical structures may be attributable to salinity
and circulation changes caused by a shift in location of a major Yukon distribu-
tary (Fig. 6F; Nelson and Creager, 1977).

The storm sand layers that are interbedded with mud surrounding the Yukon
delta contain the best developed physical sedimentary structures because of se-
veral interacting factors. The prodelta area is subject to the most intense and
frequent wave reworking of any northern Bering Sea area owing to its extreme

shallowness. In addition, the Norton Sound shape acts to focus storm surge set-
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up of water level (Fathauer, 1975) and this in turn results in development of
strong bottom currents as storm-surge water runo{f moves northward from the re-
gion (Fleming and Heggarty, 1965 ; Nelson and Creager, 1977). Such "runoff" cur-
rents may be the final mechanism to rework and form physical structures in sand
layers of the prodelta area.

Formation of the thickest sand layers and their rapid burial due to the
high sedimentation rates in the prodelta area both inhibit bioturbation and
enhance preservation of the physical structures. Even more impnrtant, the low
salinity and more cxtensive ice formation in the prodelta area (Figs. 2 and 1l1)
appear to restrict faunal populations and consequent bioturbation of the phys.ical
structures. The complete bioturbation of physical structures at similar water
depths but normal salinity on the northern side of Norton Sound appears to
confirm this hypothesis.

Much of the cross-lamination and lenticularity in modern sand layers of
Norton Sound appears to result from rippling by unidirectional bottom currents.
The ripples are usually asymmetric, and the ripple form, where it can be observed
in box cores, bottom photographs, underwater TV, and sidescan sonar, is sinuous
and irregular, not straight-crested like oscillation ripples (Nelson, 1977),
(Figs. 8 and 9). Furthermore, the basal surfaces on sand layers are regular, the
internal structure conforms to ripple form, and bundlewise buildup or offshoots
passing from adjoining troughs and crests are absent. Each of these points
suggest formation primarily by unidirectional bottom currents (Reineck and Singh,
1973).

Waves still are important in forming bottom structures, and formation of
oscillation ripples over asymmetric ripples and sand waves has been observed in
Chirikov Basin at water depths similar to those of Norton Sound (Nelson et al.,
1977) (Fig. 9). Hindcasting of wave data indicates that wave reworking can
affect most of the Norton Sound sea floor (McManus et al., 1977). However, in

the >10 m water depths with very fine sand that this study covers, Clifton’s
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(1976) conceptual model predicts that wave-related currents should not produce
asymmetric rippling. Apparentl&, the dominant storm effect on sand layers is
reworking by bottom currents, which are intensified by storm-induced sca level
changes (Fathauer, 1975). Later modification by less intense wave effects may
cause some oscillation ripples to be superimposed over the dominant
unidirectional features, but in general they appear to be subordinate.

Eastward and northward from the present delta, storm sand layers become
fewer and fewer, and only diffuse storm layers rich in shells and pebbles are
observed. Near the delta, where biota appear to be restricted and no rocky
headlands are present, few shells or pebbles are encountered in storm layers.
With increasing distance from the delta into higher salinity water, more and more
shells are encountered and bioturbation increases. In addition, the intensiéy of
storm-vwave reworking decreases and sand layers become thinner, while headiands
along the coast awav from the delta provide a pebhle source. Figs. 6T-G. AT, 13R-
D exemplify such a proximal (delta) to distal (central Norton Sound) or shallow
to deep sequence of storm layers. The change from sand layers to coarse lags of
pebbles and shells offshore also suggests that processes change from dominantly
transport and deposition of sand shcets to mainly erosion of mud leaving pebble
and shell lags offshore.

The Yukon muds of Norton Sound, both massive and those interbedded with
storm sand layers, remain nearly devoid of physical structures, except for
occasional laminations (Fig. 13B,E). Because the mud deposition represents slow,
continual deposition under non-storm conditions, bioturbation apparently can
almost always keep pace with formation of physical structures, and thus physical
structures are not generally preserved in nuds.

Present-Day Pebble Rafting and Ice Gouginpg

Isolated pebbles are widespread in sediment of the Bering Sea region and may
have been transported by several processes. Pebbles are most common in areas

surrounding ceafloor gravel(Fig. 4). This distribution pattern may result from
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ice grounding in gravel arcas. The ice may pluck pecbbles from the gravel source
and drop them nearby after -the iceberg works free and begins melting. Other
mechanisms such as transport of walrus gastroliths (stomach stones) (S5.W. Stoker
and F.H. Fay unpub. data) and sea grass rafting (Stoker, 1973) may also carry
isolated pebbles offshore.

Recent studies indicate that gouging into the sea floor by icebergs occurs
everywhere at depths shallower than 20 m (Thor et al., 1977) (Fig. 9), except in
strait areas, where ice jams may cause gouging at much greater water depths (G.
Bloom, oral commun, 1970). The gouging is most intense (reaching depths of up to
1 m in the sediment) in the prodelta area surrouﬁding the modern Yukon subdelta;
this is the same region where physical sedimentary structures are best preserved
(Fig.5). The question remains, why does this intense gouging have such little
effect on physical structures? Perhaps sediment rates are rapid enough ncar the
modern subdelta to keep ahead of the rate of ice gouging.

Factors Controlling Bioturbation

Biological Factors

A few ubiquitous species show little environmental control and account for a
signific ant amount of the bioturbation anywhere in the northern Bering Sea area.
Examples of these species have been described in the previous bioturbation

section such as the ophiuroid and gastropod (Tachyrhynchus erosus) surface

dirturbers, the clams (i.e. Yoldia myalis) and small amphipod shallew burrowers,

the clams (i.e. Serripes groenlandicas) and small polychaete (thread worm)

intermediate burrowers and the clams (i.e. Mya truncata) and large polychaete

(i.e. Ampharete) deep burrowers (Table 1, Figs. 10,11, and 12).

Except for the cosmoepolitan species just mentioned, distribution of most
species 1is controlled by environmental factors such as hydrographic conditions,
morphologic setting, and substrate type. Consequently, bioturbation of most
specics has definite patterns of areal distribution (Figs. 10 and 11). All

specics appear to be restricted by the seasonally low saliity off the modern
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Yukon subdelta (Figs. 2, 5 and 11; Lisitsyn, 1966). Regions of strong currents
and resulting coarse-grained seaiment support epifaunal communities such as the

suspension-feeder assemblages found in straits, or the sand dollar (Echinavachnus

parma) and bivalve community (Tellina lutea alternidentata, Spisula polynyma)

found in sandy areas on crests of shoals (Fig. 10).

Because of the small depth range (0 - 50 m) on northern Bering shelf, water
depth has little direct influence on’ abundance or type of bioturbating organisms.
Instead, benthic communities typically show pronounced association with
substrate. For example, the large ampeliscid amphipods are the dominant
organisms disturbing the transgressive fine-grained sand in Chirikov Basin
(Figs. 10 and 11; Table 2). They are not evid~ut in Yukon silt of Norton Sound,
where the smaller amphipods, brittle stars, and denosit-feeding worms and clams
are predominant (Figs. 10 and 11, Table 1, P~wland, 1972, 1973). Gravel lags are
habitats for an abundant epifauna of rocky substrate type consisting of
bryozoans, barnacles and brachiopods. However, the thickness and coarseness of
the lag layers and the sessile 1ivi3g habits of fauna on them seem to prevent
significant bioturbation. Many other substrate associations of bioturbating
organisms, particularly bivalves, have been outlined in other Bering Sea studies
(Table 1; Rowland, 1972, 1973; Stoker, 1973 and unpub.).

Interplay of Biological and Physical Factors

Intensity of bioturbation is controlled by rates of several processes such
as the frequency of formation of physical structures, rate of reworking by
organisms, and sedimentation rate (Fig. 16). Changes in these rates through geo-
logic time cause variations in the intensity of bioturbation at a site. The fol-
lowing physical factors cause a relative increase in the rate of formation of
physical sedimentary structures and decrease in intensity of bilogenic reworking:
shallow water with intensec wave reworking, swift bottom currents, rapid rates of
deposition, and low=-salinity water. These physical variables plus ogher environ-

ental characteristics like those mentioned in the previous section control spe-

18



cies dispersal and cause patchiness of faunal distribution. As a result, the
rate of biogenic reworking varies from one location to the next and with time at
a given location.

In the shallow prodelta region off the Yukon River subdelta, bioturbation
typically does not keep pace with the formation and rapid burial of physical
structures (Fig. 5). An area just east of the prodelta near Stuart Island also
shows no bioturbation in deposits of the last 5,000 years (Figs. 5 and 6J; Nelson
and Creager, 1977). This is true even though the area has low sedimentation
rates and is at a greater water depth, where the formation of wave-formed struc—
tures is expected to be slower. The well-devehped physical structures probably
result from the shoreline constriction of coastal currents. The extremely good
preservation of physical structures here and in the prodelta area may resulf both
from continued formation by bottom currents or waves and from the inhibition of
biogenic activity by the great seasonal changes in salinity. Complete bioturba-
tion of sediment older than 5,000 years near Stuart Island strongly suggests that
Yukon delta distributaries shifted into the region after 5,000 BP (Nelson and
Creager, 1977) and that salinity is the predominant factor controlling bioturba-
tion in this area. ~

Another stratigraphic sequence for the last 2,000 years in eastern Norton
Sound (Figs. 5 and 6G) shows complete bioturbation in the lower third of tne
sediment, nearly complete preservation in the middle, and completec bioturbation
in the upper third. Either faunal populations diminished during the time of
deposition of the middle sequence, or frequent storms prevented bioturbation from
keeping pace with deposition.

GEOLOGIC SIGNIFICANCE
Geologic Effects of Bioturbation
In addition to disturbing physical structures and creating trace fossils,
bioturbation may severely disrupt fossil assemnblages and organic debris used in

dating deposits. The disruption is especially severe in regions of thin trans-
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gressive sequences such as the epicontinental shelf of the northern Bering Sea.
In several cores (Figs. 8A and 8D), present-day burrows extend at least 30 cm
into Pleistocene freshwater deposits that are tens of thousands of years old. As
a result, in part because of this upward mixing of older materials, radiocarbon
dates of 1,740 to 5,085 BP are found for bulk organic carbon in the top 1 - 2 cm
of modern surface sediment on the northern Bering shelf (Teledyne Isotopes
I—8134, 8135, 8226, Fig. 6F). Downward homogenization of Holocene sediment by
bioturbation helps to explain radiocarbon dates of only a few thousand years for
older~buried transgressive deposits (Figs. 6I, 8D; Teledyne lIsotopes 1-7482,
7483).

Radiocarbon dates on calcium carbonate of shells again suggest significant
biologic mixing of modern shells downward into buried transgressive gravel and
sand (Fig.-6B, C, H, and I). Dates on fossil, surface-dwelling mollusk species
are just several hundred years old, even though only those shells buried in older
sediment far below their normal living habitat were dated (M. Rubin, USGS Radio-
cargon Lab. W-2462, 2464, 2466, 2467, 2681-2685). 1In Chirikov basin, where the

!
transgressive sequences are thin and dates on shells do not appear to be reli-
able, 1rxed modern and transgressive foraminiferal assen\Blages are found
throughout the entire transgressive sequences (Figs. 8A and 8D) (R. Echols,
written commun., 1974). Only where sedimentation rates are high, producing
rapid, deep burial such as near the modern Yukon subdelta, do radiocarbon dates
on shells and organic carbon agree with stratigraphy (M. Rubin, USGS, Radiocarbon
Lab W-26180; Teledyne Isotopes I-7316, 8134), and can unmixed transgressive
sequences of microfossils be detected.

Rhoads (1973) points out another aspect of bioturbation that may have par-
ticular geologic significance for the northeastern part of the Bering shelf. The
predominance of deposit feeders can reduce the bulk density of fine-grained sedi-
ment and greatly enhance the potential for erosiog. The dominance of deposit

feeders in Norton Sound (Figs. 10 and'il; Rowland, 1972) may be a contributing
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factor to the resuspension of considerable fine-grained sediment there. The
resuspension of sediment by storm waves and its removal by storm-generated and
continuous currents may have displaced about half of the Holocene sediment of
Yukon source from Norton Sound to the Chukchi Sea (Nelson and Creager, 1977).
Comparison of Bering Shelf and Similar Sedimentary Environments

Prodelta and Inner Shelf Facies

Prodelta mud facies develop in the shallow regions surrounding the Yukon
River mouth where the low-salinity river plume is the dominant water mass (Figs.
2 and 5). The proximal deposits are characterized by thin mud interbedded with
thick storm sand layers that contain well-developed sedimentary structures
resulting from waves and icurrents generated by storm surge (Table 2, C1).
Offshore from the most proximal prodelta facies, layers become thinner, more
highly rippled, well structured with cross lamination, and increasingly biotur-
bated. The most distal prodelta deposits are dominated by higly bioturbated muds
with sand lenses containing bioturbated remnants of physical structures. Further
seaward, shell and pebble-~rich storm lag layers. occur (sge Figs. 6E, 6F, 6G, 13B
and 14C for a specific sequence; Figs. 5 and 16 show general patterns of distri-
bution). Bioturbation in the muddier facies is dominated by tube-building detri-
tus feeders and burrowing deposit feeders (Table 1, G-C; Fig. 10 and ll} TableJZ,Cl),

The physical and biological structures in similar ancient stratigraphic se-~
quences reflect this same proximal to distal energy gradation. For example
proximal to distal sequences of physical structures and storm sand layers like
those in Norton Sound are described for Jurassic deposits by Anderton (1976). 1In
the Upper Cretaceous Blackhawk formation in Utah, a regressive sequence begins
with completely bioturbated offshore muds (Howard, 1972). Sand beds appear up-
section and thicken upward with incfeasingly well-preserved physical structures,
indicating greater wave cnergy. The faunas also change up-section from deposit to

suspension feeders as the depositional environments shallowed.



Variations in wave climate and topographic setting can greatly extend or
reduce proximal-to-distal offshore gradation of.physical structures generated by
waves. For example, in the Gulf of Gaeta in the low-energy wave climate of the
Mediterranean, well-developed physical structures are limited to less than 6 m of
water depth (Reineck and Singh, 1973) below which bioturbation predominates. In
the higher energy environments of the northern Bering Sea and off Southern
California, well-preserved recent physical structures exist to 15-20 m water
depth (Figs. 5 and 7) (Karl, 1975). 1In the very high energy environment off
Oregon, well-preserved physical structures occur in sediments in over 50 m of
water (Kulm and others, 1975). Well-preserved physical structures also may exist
anomalously far offshore on topographic elevations.

Sediment type and rate of influx als. may influence the maximum offshore
extent and water depth at which physical structures are preserved. In muddy
areas, such as near deltas, fine-grained sand layers and their structures are
readily identifiable ir modern or ancient sequences (Fig. 6E-G) Moore and Scru-
ton, 1957; Masters, 1967; Howard, 1972). Commonly, in the most distal locations
of deposition, isolated pods or lenses of rippled and laminated sediment are the
last recognizable vestige of a storm sand layer (Figs. 6J and 13B) (Reineck,
197Q;»Winston and Anderson, 1970). Such thin sand lenses are usually destroyed
by bioturbation closer to shore or at shallower depths than are similar storm lag
layers composed of shell and pebble lags (Figs. 5 and 7). For example, faint
shell and pebble horizons ofbcoarse-grained storm lags are identifiable to water
depths of 30 m in modern sediments of Norton Sound even after very cxtensive bio-
turbation; the last vestiges of fine-grdined sand layers occur in 25 m of water
(Fig. 7). In most delta areas, the formation of such shell and pebble layers is
inhibited by the paucity of rocky hecadland pebble sources and by the influx of
fine-grained sediment and low salinity water, which appears to discourage large

bivalve mollusk populations, the source of most shell material.
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The distribution pattern of the prodelta facies may be controlled as much
by water circulation and freshwater plume d15persql as by the shallow, nearshore
location and shape of the prodelta topography (Figs. 2, 3 and 5). This is
because variations in salinity and oxygen and nutrient content of sea water can
influence benthic productivity and thus affect formation and preservation of
physical structures. The best preservation ot physical structures coincides with
the location of the low-salinity plumes (Figs. 3 and 5; Nelson et al., 1975) sur-
rounding the Mississippi and Yukon deltas; a progressive reduction in bioturba-
tion also has been correclated with with decreasing salinity up estuaries (Winston
and Anderson, 1970; Moore and Scruton, 1957). The importance of salinity com-
pared to other factors, like rapid sedimentation, is suggested by thin (12 cm)
late Holocene sequences that have remained unbioturbated for at least 5,000 years
off the Yukon (Fig. 6F).

In some geographic settings physical structures may be preserved in un=-
expected epicontinental shelf areas where the benthic fauna is depauperate
because of low oxygen content in bottom water (Seibold et al., 1971). Excellent
preservation of physical structures found in the Mesaverde Formation of qorth—
wester:: Colorado (Masters, 1967) suggests that these ancient deposits similar to
those off the Yukon were formed under shallow, low-salinity water near a delta,
or where environmental factors inhibited bioturbation.

T.ansgressive and Current-Winnowed Facies

The transgressive fine-grained sands in northern Bering Sca are charac-
terized by a homogencous texture, the general absence of physical structures, and
intense bioturbation by tube-building detritus feeders (Table 2B1). This sedi-
ment facles may typify thin transgressive sands on epicontinental shelves with
low wave energy, but where burial by offshore mud is prevgnted by strong bottom
currents or isolation from sediment sources. In contrast, in areas where there
is a very high energy wave regime, such as prese?tly off Oregon, some.physical
structures are found in the offshorc~fclict transgfessivc sana-tavics (Kulm and

thers, 1975).
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The basal transgressive gravel and pebbly coarse to medium-grained sand of
the Bering shelf in many places overlie Pleistocene moraines either as surface
relict deposits or as subsurface strata beneath transgressive fine sand. These
coarse-grained transgressive sediments take several forms that may be dis-
tinguishable in the stratigraphic record. The deposits with rounded pebbles,
water-worn and thick-shelled mollusks, and medium-scale crcess and flat lamination
appear to be typical sediments associated with shoreline stillstands (Table 2, Az;
Clifton et al., 1971; Reineck and Singh, 1973). The angular pebble lags that
develop over glacial till and bedrock apparently form during very rapid shoreline
transgressions. Criteria for such deposits are angular gravels, little or no fine-
grained matrix, and the remains of a rocky intertidal fauna (Table 2, Al). éessile
benthic fauna consists largely of epifaunal forms (Craig and Jones, 1966). As a
result, the thin pebble lags show little disruption from bioturbatirg organisms
and may remain well preserved in the stratigraphic record For example, thin,
structureless, transgressive sands overlying well-preserved glacial deposits have
been noted in the Paleozoic transgressive sequence of the Algerian Sahara region
(Beuf et al., 1971).

The well-sorted current-winnowed medium sand on the shoal crests of the
northern Bering shelf is another sediment facies that may be recognizable in
ancient shelf deposits (Table 2). Remnants of ripples and flat lamination are
common; shell lag horizons and clay stringers, possibly representing major fluc-
tuations in currents, are locally present. An important key to such deposits in

ancient sequences would be dominance of sand dollars and filter feeding bivalves

or similar ancient organisms (Table BZ)'

Shelf Model
The physical und biological structures observed on the Bering shelf agree

with other similar studics; these data permit conceptualization of a model of ty-
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pical shelf sedimentary structures and factors controlling their distribution on
an open shelf with clastic d0position dominated by muds and no organic reefs
(Fig. 16). The inshore margin of the model presented here phases into the well-
defined shoreline sequences of physical structures caused by breaking waves that
have been depicted in the conceptual models outlined by Clifton et al. (1971).
The model presented here does not consider the series of large-scale bedforms
caused by extremely strong bottom currénts in constricted bathymetric regions
with hLigh tidal or dynamic current flux. Such sequences have been described by
Belderson et al. (1971) in the English Channel shelf and appear to be present in
the Bering Strait area (Figs. 1, 4, and 16).

In the model we present, physical sedimentary structures caused by waves
will dominate the open shelf sediment just offshore from beach-related features.
The best developed physical sedimentary structures gaused by strong bottom <ur-
rents associated with periodic tides (Mofjeld, 1976), storm tides and shoreline
constrictions of dynamic currents will generally occur just offshore from the
wave-~related structures. Seaward fro% strong wave—- and tide-formed sedimentary
structures, there occurs a spatial series of physical structures resulting from
waning wave and bottom~current processes associated with storms. This complete
sequence of storm sand to pebble-~ and shell-rich layers has been well documented
in Norton Sound (Fig. 16).

As physical energy from waves and currents diminishes ofishore, the fre-
quency of physical sedimentary structures lessens and the physical structures are
bioturbated and replaced by trace fossils to a progressively greater degree. The
sequence of biological structures indirectly follows gradients of wave and cur-
rent encrgy because these gradients regulate substrate types, which are the main
control on biological assemblages (Craig and Jones, 1966°* Rowland, 1973; Stoker,
1973). Typically, suspension-feeding organisus will be more prominent nearshore
in coarse-grained substrates associated with high physical energy. In this

environment, filtering apparatus is less likely to be clogged by fine-prained
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jebris (Rhoads and Young, 1970), and the circulation of suspended debris 1is vi-
gorouc. Suspension-feeding organisms will tend to disturb sediment less because
they only nced to anchor onto or into the bottom surface and do not nced to bur-
row through the sediment to acquire food. In contrast, discrete burrows and com-
plete bioturbation characterize offshore muds (Howard and Frey, 1973) because
Jeposit feeders and detritus feeders require the higher content of organic de-
>ris found in fine-grained sediments of lower energy settings.

The conceptual model (Fig. 16) portrays an open graded shelf that gradually
*hanges in depth, wave energy, sediment character, and current energy offshore.
ividence from the northern Bering epicontinental shelf and elsewhere indicates
that many variables, including topographic setting, hydrographic characteristics,
»iologic productivity, and type and location of sediment sources can modify this
idealized sequence. Several examples have already ' 2en cited to show that varia-
tion of wave climate can greatly extend or reduce offshore extent of physical
structures generated by waves.

Topographic projections outward from the adjacent shorelines such as deltas
>r upward from the surrounding sea floor, such as offshore sand ridges (Nelson
and others, 1975) are important variables controlling the development of current-—
formed physical structures. Where water circulation is constricted and strength-
:ned by major shoreline projections as in the Bering Strait or English Channel
(Belderson et al., 1970), Ledforms and internal physical structures will be well
leveloped no matter what the water depth or distance from shore. Offshore areas.
»f sea-floor topographic relief such as sand ridges that constrict and focus bot-
tom currents are also sites of well-developed physical structures without regard
;0 their distance from shore (Fig. OL).

Variation in the amount and type of sediment is another influence on -the
levelopment and preservation of physical structures. Where rates of deposition

e high aud interbedded muds are commoun, as off the Yukon and Mississippi deltas

ore and Scruton, 1957), prescervation of physical structures is cnhanced and
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‘may extendto unusually great depths or distances from shore considering the

wave-energy setting. The final shell and pcbble remnants of an offshore storm layer

may extend far offshore beyond the distance usually expected because of unusual

sources of pebbles and mechanisms like ice or organic rafting to disperse them

over the shelf.

All the factors of increased wave energy, current velocity and deposition
rates, in addition to decreased benthic productivity will extend areas dominated
by physical sedimentary structures farther seaward than biocturbation would other-
wise allow (Fig. 16). These variations in basic physical, chemical, and biologi-
cal factors are predictable at least partially and must be considered when sedi-
mentary structures are utilized for paleoenvironmental reconstructions.
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TABLE 1 - LIST OF MOST COMMON BIOTURBATING ORGANISMS, AND, WHERE

KNOWN, THEIR SUBSTRATLE ASSOCIATIONS AND TYPE OF SEDIMENT

DISTURBANCE IS GIVEN.

WITHIN EACH GROUP THE SPECIES ARE

LISTED IN ORDER ‘OF ABUDANCE AND WHERE KNOWN, THE PERCENT
OF OCCURRENCE AT SAMPLING STATIONS IS GLVEN IN PARENTHE=-
SES IN FRONT OF THE SPECIES.

Depth Organism Substrate and Living Habits Data Source
group Distribution
Brachyuran crabs Create shallow Stoker, unpu
Choanoecetes opilio Ubiquitous surface depressions Fig. 10
Choanoecetes bairdi do
Hyas coarctatus do Same as above
Telmessus cheiragonus
Anamuran crabs
Pagarus Ubiquitous
Paralithodes seasonal and uncertain
%)
% Crangonid shrimp
g Crangon Ub iquitous
&
E Ophiuroid echinoderms ' .
@ Ophiura sarsi Muddy silt, nearshore Create extensive Fig.12;
Q Ophiura maculata surface tracks Neymen, 1960
fy Stegaphiura nodosa Silty sand Fig. 10
2 Gorgonecephalus caryi Stoker. unpu
Echioid echinoderms Create shallow Fig. 10
(6%)Strongylocentro~ surface depressions
tus drcbachiensis {Gravel and pebble lags '
Gastropod mollusks Ubiquitous, most Surface trails and Fig. 10
common nearshore shallow burrows when
preying
(19%)Tachyrhynchus
erosus
2 (15%)Natica Ubiquitous Predatory, drilling Rowland, 197
5 bivalves
< (9%)Neptunea do Scavenger creating Schafer, 197
g trails plus shallow
8 burrows
H (7%)Polinices do Predatory, drilling
= bivalves
8 (2%)Buccinum Scavenger
-
:

Bivalve mollusks
(36%)Yoldia myalis

Most common in muddy
sediment , but wide-
spread in all environ-
ments.

Deposit feeders?

Fig. 10, 11
Rowland, 197
Stanley, 197




pth Organism Substrate and Living Uabits Data Source
Dup Distribution
(167)Yoldia hvporborea| Mud or muddy sand Deposit feeder? Figs. 11,14
or amygralea Stanley, 19
Rowland, 19
(15%)Nucula tenuis do " do Figs. 11,
Stanley, 19
Nuculana radiata do " do Rowland, 19
Clinocardium Sandy silt substrates Suspension Petrov, 196
ciliatun fecders
Tellina Current-winnowed Figs. 13, 1
n alternidentata | clean sand
Y
3 Anphincda
4
% .
Q Pratnmadeia sn. Mud and fine sand Detritus fceders,
9 Melita sp. do one or more of
3 (27%Z)} lipconedon spa do these species
4 Haplocns lzevis do create U-shaped and
5 Pontonoreiz do vertical burrows
1 ferorata with widened c¢ir-
Q cular area .
Polychacta
t S — S a—
) (8%)Repthvs Ubiquitous Errant polychaete Fig. 13
A Haplecescoloplos Burrows parallel Fig. 10
? elongata to bottom surface
E Sterraspis scutata
* Pectinaria Fine, silty sand
) hvporborea necarshore
Brada sp.
Echinoidea
(11%)Echinarachnius Sorted-nedium sand Shallow horizontal Fig. 10
parma on shoals ’ burrows Lisitsyn, 1




Jepth
jroup

Organism

Substrate and
Distribution

Living Habits

Data Source

INTERMEDIATE BIOTURBATERS

Bivalve mollusks

(58%)Serrines
groenlandicus

(45%)Macora calcarea

Venericardia
crebricostala
Liocvma fluctusa

Ubiquitous
Ubiquitous, sandy
silt and sand

Sandy silt

Sand ard sandy silt

Filter feeder

Detritus and

filter feeder
do

do

Fig. 10

Coan, 1971

Echiroidea

Echiuvrus echiurus

Fine to coarse sand

Deposit feeder

Awphipoda

(28%)Acpelisca sp.

Bvblis geimardi

Silty sand

Polychaeta
Myriochele herri
Opuphis sp.
Spiophanes borbyx

Detritus feeder
that builds narrow,
V-shaped,
mucus-lined tube

Figs. 11, 14

Ubiquitous
Fine sand

Figs. 10, 11

DEEP BIOTURBATERS

Holothuroidea

(1%) Cucumaria
calcivifcera

Detritus feeder

Fig. 10

Tunicata

(3%Z)Polenia corrugata

pass]

Bivalve mollusks
(28%)Mva truncata

(1%)Mva priapus
(7%)Spisula polvnvus

alaskana

Sand to gravel

Ubiquitous, hard
sand or nud

Sand

Filter feeder

do

do
Decp burrowers
and filter
fceders

Fig. 10

Figs. 10, 11
Quayle, 1970

Chawberlain and
Stearns, 1963

i\



Organism Substrate and Living Habits
pth Distribution
oup

Data Sourc:

(1%)Sipunculida

Golfingia
margaritaceun

Polychaeta All deposit feeders
g (9Z)YLumhbrinereis Ub iquitous Errant Polychaeta(?) Fig. 10
1)
[
% (4%)Amphareta Tube building Fig. 10
D
8 Maldane sarsi fud and silt do
m Praxillella
'y practerinissa
E Axijothella
Q

catenate
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FIGURE CAPTIONS

Fig. 1 -Setting, physiography, and location of large-scale bedforms presently
known 1in northern Bering Sca. Bathymetry modified from lopkins et al.
(1976). Llarge-scale bedforms from Jordan, 19062; Grim and McManus, 1970;
L. Toimil, 1975, oral commun., and Relson, unpublished data.

Fig. 2 -VWater masses in northern Bering Sca (modified from Coachman et al.,
1976). The Alaskan Coastal water (l4 - 31.5 0/00, .8°C) occupies the
eastern portion of the study arca, the Bering Shelf Water (sometimes
called Modified Shelf Water) (31.5-33 0/00, O—&OC) covers the central
area, and the Anadyr Water (33 0/00, 1-3°C) occurs in the western
portion of the study area. Data on scasonal salinity changes from
Goodman, et al., (1942), G.D. Sharma (1975, written commun.) and Nelson
et al., (1975). Data on shorefast ice margin from Thor et al., (1977).

Fig. 3 -Offshore water circulation (from Goodman et al., 1942), and maximum
bottom current velocities from availeble measurements in northern Bering
Sea (from Ileming and Heggarty, 1966; Husby, 1971; MclManus and Smyth,
1970; Nelson and Hopkins, 1972).

Fig. 4 =Surfac=z sediment distributon in northern Bering Sea (wodificd from
Nelson and Hopkins, 1972; Knebel and Creager, 1973; McManus ct al.,
1974, 1977).

Fig. 5 =Box core locations and descriptions of physical scdimentary structures
observed ih the upper 40 cm of sediment in northern Bering Sca.
Structures in relict transgressive deposits and figure numbers of text
photos are keyed to location.

Fig. 6 -Lag and storm layers in northern Bering Sea sediments: locations of box
core photos shown in Fig. 5. Individual centimeter scale is shown in
lover right corner of each photograph or radiograph.

‘Fig. 6A -Transgressive lag gravel over glacial till shown in box core slab face.
Note Hemithvris psittacea (brachiopod) and bryozoan skeletons on
surface. 41 m water depth.

Fig. 6B ~Epoxy cast of box core conEafning thick, well-sorted transgressive lag
gravel from -30 m shoreline stillstand (Nelson and Hopkins, 1972). Note
faint cross-bcdding in center of cast, 30 m water depth.

Fig. 6C -Box core slab face exhibiting shell lag at base of transgressive fine-
grained sand. The shell layer was composed of equal amounts of lyatella
arctica and Macoma calcarca and probably formed as a storm lag during
lower sea level. The laycer was found in an isolated small basin at 43 n
water depth.

Fig. 6D -Bioturbated coarse sand and shell layer composed cntirely of
Echinarachnius parma (sand dollars) in current-winnowed fince sand over a
shoal crest, 35 m water depth.

33 ,}5



Fig. 6E -Box core slab face showing thick light-colored storm sand layecrs in
Yukon silt 30 km f{rom the modern Yukon subdelta. Note that the thick
upper .sand most recently formed is not bioturbated, whercas only cross-
laminated sand lenses remain in the lower bioturbated bed. 11 m water

depth.

Fig. 6F -Radiograph of well-defined thin storm sand layers in late Holocene Yukon
' silt 75 km offshore from the present subdelta. Thoroughly bioturbated
older Yukon silt underlies well-structured beds in younger Yukon silt
(after Nelson and Creager, 1977). Note rippled and wavy bedded sand
beds (light-colored) with small-scale cross and flat lamination. 16 m
water depth.

Fig. 6G -Radiograph showing shell and pecbble lags in the upper and lower parts of
the core and numerous thin sand layers in between. Both probably
developed by storm reworking of Yukon silt located 110 km from the
present Yukon subdelta. tlote that upper shell lag is only slightly
disrupted, whereas basal layers are highly bioturbated. The middle
unbioturbated section has sand beds (light-colored) that exhibit
discontinuous parallel bedding in the upper two layers and nonparallel
and lenticular bedding in the lower three layers. Wood at the core base
had an age of 2,120 years BP (Teledyne Isotopes sample No. I-7320).
Note the l-mm-diameter burrows in the upper part of the core that
probably are caused by polychaete worms (see Howard, 1969, Figs. 8, 13
and Hertweck, 1972, Figs. 3, 5). l4 m water depth.

Fig. 6H ~Radiograph showing bioturbated shell and pebble lag layers (lower half
of core) in transgressive coarse to medium sand. Lag apparently
developed dm‘ing the Holocene t‘ranggrncg'inn- ﬂvgrlyg’_ng fing—gr:iggd
transgressive sand in the upper half of the core is highly bioturbated
by amphipods and clams. 47 m water depth.

Fig. 61 -Box core slab face of medium-grained sand from a shoal crest containing
coarse sand lag layers and clay laminae probably formed by current
revorking. 31 m water depth.

Fig. 6J ~Yukon silt containing a large rafted pebble. Note thin sand ienses near
the surface. 18 m water depth.

Fig. 7 Frequency of various physical sedimentary structures in different depth,
substrate, and topographic settings.

Fig. 8 -Internal physical sedimentary structures.

Fig. 8A -Radiograph showing the following sequence: transgressive fine-grained
sand overlying transgressive pebbly wedium—-grained sand with flat
lamination and medium-scale cross—lamination, which overlies pre-
transgressive limnetic clays with {reshwater ostracodes (P. Valintin,
written commun., 1971). Note deep burrowing prebably by Mya sp., after
marine transgression (see Fig. 29 of Mya arenaria burrows shown in
Reineck, 1970). 36 m water depth.

Fig. 8B -Plan scction of a ripple sct impression at a parting surface near sthe
bottom of a box core, together with an cpoxy slab cross soction(adjacent
upper right) showing the same dark-colored lower sand layer aud another
surface sand layer. HNote that apparent ripple crests (dotted line) are
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Fig.

irregular and asymmctric with tonque-like projections (cf. with Harms et
al., 1975, Fig. 3-7 and Reineck and $ingh, 1973, rig. 30). Ripple

index (length/height) is 5-8 basal and 10-12 for surface sand layerse.

12 m water depth.

8C -Radiograph of remnant asymmetric ripples that have been altered by
bioturbation of medium-grained shoal crest sand. 21.9 m water depth.

8D -Core slab face showing loading, slump or ice-disrupted structures (near
the core bottom) in laminated late Pleistocene mud deposited before the
Holocenc transgression. Mud contains freshwatcr ostracodes (sec
reference for 8a). These have an age of 14,920 BP (Teledyne Isctopes
No. I-7318) based on organic carbon from a whole sediment samplc. 51 m
water depth.

B8E -Radiograph showing highly contorted sand lags possibly caused by ice
push or scour of the sea floor. WN<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>